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Protein disulfide isomerases are a family of proteins
that catalyze the oxidation and isomerization of disul-
fide bonds in newly synthesized proteins in the
endoplasmic reticulum. The family includes general
enzymes such as PDI that recognize unfolded
proteins, and others that are selective for specific
classes of proteins. Here, we report the X-ray crystal
structureofcentralnon-catalyticdomainsofaspecific
isomerase, ERp72 (also called CaBP2 and protein di-
sulfide-isomerase A4) from Rattus norvegicus. The
structure reveals strong similarity to ERp57, a PDI-
family member that interacts with the lectin-like chap-
erones calnexin and calreticulin but, unexpectedly,
ERp72 does not interact with calnexin as shown by
isothermal titration calorimetry and nuclear magnetic
resonance (NMR) spectroscopy. Small-angle X-ray
scattering (SAXS) of ERp72 was used to develop
models of the full-length protein using both rigid
body refinement and ab initio simulated annealing of
dummy atoms. The two methods show excellent
agreement and define the relative positions of the
five thioredoxin-like domains of ERp72 and potential
substrate or chaperone binding sites.
INTRODUCTION
In order to fold in the oxidative environment of the endoplasmic
reticulum (ER), proteins need to acquire the proper arrangement
of cysteine disulfide bonds. To meet this challenge, the cell
produces a large number of different ER protein disulfide isom-
erases to catalyze the oxidation and isomerization of disulfides
(Ellgaard and Ruddock, 2005; Maattanen et al., 2006; Tu and
Weissman, 2004). The best known and most abundant of these
is the primary oxidant PDI, which acts on unfolded proteins.
Other abundant protein disulphide isomerases are ERp57, which
acts on N-glycosylated proteins (Oliver et al., 1997), and ERp72.
Although much research was devoted to the role of ERp57 in the
calnexin cycle and its interactions with the lectin-like molecular
chaperones calnexin and calreticulin (Ellgaard and Frickel,Structure 172003; Helenius and Aebi, 2004; High et al., 2000; Schrag et al.,
2003), ERp72 still remains somewhat enigmatic. Crosslinking
and coimmunoprecipitation experiments demonstrated that
ERp72 is a part of a complex of chaperones in the ER also
including BiP, GRP94, P5, PDI, ERdj3, cyclophilin B, GRP170,
UGGT, and SDF2-L1 (Meunier et al., 2002). How ERp72 is re-
cruited to this multiprotein complex is currently unknown.
Components of this complex including ERp72, PDI, GRP94,
BiP, and P5 have been shown to associate with interferon-g
during its folding (Vandenbroeck et al., 2006). RNAi and overex-
pression studies in a semipermeabilized cell system demon-
strated that ERp72 retains misfolded proteins cholera toxin
and mutant thyroglobulin, whereas PDI mediates their unfolding
and subsequent retranslocation to the proteasome (Forster
et al., 2006). The same study suggests that ERp72 retains
cholera toxin through direct binding, protecting the toxin from
trypsin digestion. ERp72 binding of mutant thyroglobulin
appears to be through a covalent disulfide bond (Menon et al.,
2007). ERp72 also retains mutant matrilin-3 (Cotterill et al.,
2005) and G544V low-density lipoprotein receptor (Sorensen
et al., 2006). Whether ERp72 binds misfolded proteins directly
or via interactions with binding partners remains unclear. Unlike
PDI, ERp72 does not crosslink to unfolded RNase A or
D-somatostatin (Kramer et al., 2001) in vitro, but it can be cross-
linked to peptides translocated by TAP (transporter associated
with antigen processing) in microsomes (Spee et al., 1999).
Although the majority of ERp72 is in the ER, it has been detected
on the cell membrane (Weisbart, 1992) and was recently re-
ported to interact there with NOX-1 (Chen et al., 2008).
ERp72 is the only PDI family member composed of five thiore-
doxin-like domains, a-a-b-b0-a0, with CGHC catalytic motifs in
the a, a, and a0 domains. PDI, ERp57, PDILT and PDIp contain
just four domains: a-b-b0-a0 (Maattanen et al., 2006). ERp72 is
most similar to ERp57, with 40% identity overall. Sequence simi-
larity to PDI is lower but still high in the catalytic a and a0 domains
(48% identity). Within ERp72, the N-terminal a domain is more
similar to the a domain (54% identity) than to the a0 domain (34%
identity), which suggests duplication of the a domain occurred
during evolution. Both PDI and ERp72 have highly negatively
charged terminal sequences. In the case of ERp72, a remarkable
stretch of 17 consecutive Asp and Glu residues precedes the
a domain. This highly charged, unstructured sequence should
bind Ca2+ (Van et al., 1993) and might also be responsible for, 651–659, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 651
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Crystal Structure of the bb0 Fragment of ERp72interactions with positively charged ER proteins or substrates.
Intriguingly, ERp57 has an oppositely charged C terminus, which
contributes to its interactions with calnexin (Pollock et al., 2004).
The noncatalytic b and b0 domains of many PDI-family
proteins play critical roles in substrate/partner interactions. The
b0 domain of human PDI has been shown to mediate its interac-
tions with peptide substrates in chemical crosslinking studies
(Klappa et al., 1998) and binds unfolded substrates in vitro
(Denisov et al., 2009). The crystal structure of yeast PDI (Pdi1p)
shows an overall U-shape with the catalytic sites of the two
active thioredoxin-like domains facing each other (Tian et al.,
2006, 2008). The interior surface of the U is hydrophobic and is
believed to allow Pdi1p to bind unfolded proteins. Similarly, the
bb0 domains of human ERp57 are responsible for its interaction
with the chaperones calnexin and calreticulin (Kozlov et al.,
2006; Russell et al., 2004). The 2.0 A˚ X-ray structure of the bb0
fragment of human ERp57 revealed the details of calnexin-
binding site and mutagenesis showed the site was required for
efficient refolding of RNase B (Kozlov et al., 2006). Recently,
the structures of full-length ERp44 (Wang et al., 2008), Mpd1p
(Vitu et al., 2008), ERp29 (Barak et al., 2009), and ERp57 bound
to tapasin (Dong et al., 2009) were also reported.
Here, we report the structure of ERp72 using a combination of
small-angle X-ray scattering (SAXS) and X-ray diffraction anal-
ysis. The high-resolution structure of the bb0 domains of
ERp72 reveals striking similarity to ERp57 but also significant
differences in surface charge that are responsible for ERp72
not binding calnexin. From SAXS analysis, we show that
ERp72 adopts a crescent shape with the a N-terminal catalytic
domain positioned in the same plane as the two other catalytic
domains. The structure allows for detailed comparison with other
PDI family members with respect to substrate and partner
binding sites, providing insight into the unique features of ERp72.
RESULTS
Structure of the ERp72 bb0 Fragment
In order to better understand substrate specificity of ERp72, we
initiated structural studies of the bb0 domains and full-length
protein. For the bb0 domains, we cloned the region homologous
to the corresponding fragment of human ERp57 that was
successfully crystallized (Kozlov et al., 2006). We crystallized the
bb0 fragment of rat ERp72 and determined its three-dimensional
structure by X-ray diffraction using multiwavelength anomalous
diffraction (MAD) phasing to 1.92 A˚ resolution (Table 1). The crys-
tals belong to the P31 space group and contain two molecules in
the asymmetric unit. The chains were traced from P283 to I512
(P510 in chain B). The C-terminal 11 residues of the fragment
correspond to theb0-a0 linker and were not present in the electron
density maps, indicating that they are disordered in the crystal.
The structure contains two thioredoxin-like domains con-
nected by a short linker (Figure 1A). The b domain extends
from P284 to L392, and the b0 domain from G396 to P510.
Each domain adopts a typical thioredoxin-like fold consisting
of a central five-stranded b sheet flanked by two a helices on
each side (Figure 1B). The b sheet has the order of b strands
b1-b3-b2-b4-b5, all of which are parallel to each other with the
exception of strand b4. The helices on each side are parallel to
each other. Similar to the ERp57 structure (Kozlov et al., 2006),652 Structure 17, 651–659, May 13, 2009 ª2009 Elsevier Ltd All rigthe loop between strands b4 and b5 of domain b contains a short
a-helical segment (E359-F361), which interacts with helix a2 of
the b0 domain forming an important part of the b-b0 interface.
Both chains in the asymmetric unit can be superimposed over
their entire backbone with a negligible RMSD of 0.19 A˚, which
suggests that the b and b0 domains of ERp72 form a rigid pair.
NMR spectra of the bb0 fragment in solution did not reveal any
signs of a flexible interdomain linker.
A structural similarity search using the Dali database
(Holm and Sander, 1995) showed that the best hit for the bb0
domains of ERp72 is the corresponding fragment of ERp57
with a Z-score of 23.4 and an RMSD of 2.0 A˚ over 215 residues.
The orientation of the b and b0 domains relative to each other is
very similar in the two proteins, which is consistent with the
idea that the two domains form a rigid unit (Figure 2A). In agree-
ment with that, the bb0 domains of ERp57 show a very similar
orientation in the full-length ERp57 structure (Dong et al., 2009).
Notably, the long b4-b5 loop in the b domain adopts a half-turn
helix in ERp72 and ERp57. This loop creates an extensive contact
surface between the b and b0 domains and appears to be a major
contributor to the rigidity of the bb0 fragment of ERp72. In ERp57,
this loop also contains K214 that participates in calnexin binding
(Kozlov et al., 2006). The corresponding residue K364 assumes
an almost identical position in the ERp72 structure and is highly
conserved in ERp72 sequences (see below). In contrast, the
b4-b5 loop of Pdi1p is shorter with reduced b-b0 interdomain
contacts (Figure 2B).
Sequence alignment of the bb0 fragments of ERp72, ERp57
and Pdi1p (Figure 2C) highlights the similarities and differences
among the proteins. ERp72 and ERp57 sequence identity is
22% in the b domain and 35% in the b0 domain. The largest
difference is a 4-residue insert in the b0 domain that results in
a slightly longer helix a2 of ERp57 (Figure 2C). The biggest struc-
tural difference corresponds to the a3-b4 loop but the functional
significance, if any, remains to be seen. Comparison of ERp72
and Pdi1p reveals more differences both in the relative orienta-
tion of the two domains and in the secondary structural
elements. Overlaying of the bb0 domains of ERp72 with yeast
Pdi1p gives an root-mean-square deviation (rmsd) of 3.8 A˚
(Z = 13.6) over 202 residues and 23% sequence identity
(Figure 2B). Individually, the b and b0 domains overlay with
rmsd values of 2.8 A˚ and 2.2 A˚, which suggests that interdomain
movement account for part of the differences between the bb0
fragments of ERp72 and Pdi1p. ERp72 has activity as a calcium
binding protein (Van et al., 1993) and shows significant structural
similarity to another calcium binding protein, calsequestrin, with
an rmsd of 3.2 A˚ (Z = 15.9) over 199 residues.
Despite their striking structural similarity, the bb0 domains of
ERp72 and ERp57 differ significantly in their surface charges.
The region of contact between helix a2 and the N-terminal part
of helix a4 of the b0 domain contains a pronounced negatively
charged patch (Figure 3A). The positive charge of this region of
ERp57 is essential in its specific binding to the highly negatively
charged P-domain of calnexin (Kozlov et al., 2006).
We aligned available sequences of ERp72 proteins from 13
species ranging from human to worm to identify conserved
regions of the protein (see Figure S1 available online). The align-
ment shows that the b0 domain has twice as many perfectly
conserved (28%) residues as the b domain (13%), suggestinghts reserved
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Crystal Structure of the bb0 Fragment of ERp72Table 1. Data Collection and Refinement Statistics
bb0 ERp72
Data collection
Space group P31
Cell dimensions
a, b, c (A˚) 62.2, 62.2, 135.0
a, b, g () 90, 90, 120
Peak Inflection Remote
Wavelength 0.9796 0.9799 0.9646
Resolution (A˚) 50-1.92 (1.99-1.92)a 50-1.92 (1.99-1.92) 50-1.89 (1.96-1.89)
Rmerge 0.030 (0.290) 0.033 (0.358) 0.033 (0.408)
I / sI 22.5 (4.4) 20.6 (3.5) 19.6 (3.1)
Completeness (%) 99.6 (96.8) 99.4 (95.2) 99.1 (92.7)
Redundancy 2.8 (2.3) 2.8 (2.3) 2.7 (2.2)
Refinement
Resolution (A˚) 19.48-1.92
Number of reflections 42,162
Rwork / Rfree 0.187/0.236 (0.206/0.243)
Number of atoms
Protein 3689
Water 388
B-factors
Protein 26.2
Water 44.0
Rmsd
Bond lengths (A˚) 0.018
Bond angles () 1.56
Ramachandran plot % of residues in
Most favorable regions 94.2
Additional allowed regions 5.8
a Highest resolution shell is shown in parentheses.greater importance to ERp72 function. Mapping the sequence
conservation onto the crystal structure identifies three major
highly conserved regions (labeled 1–3 in Figure 3C). The first,
in the b0 domain, includes the b20-a20 loop, the N-terminal half
of helix a20 and the N-terminal part of helix a40. This corresponds
to the region that is responsible for calnexin-binding in ERp57
(Kozlov et al., 2006). Conspicuously, two basic residues requiredStructure 17for calnexin binding by ERp57 (K214 and R282, Figure 2C) are
100% conserved as lysines K364 and K435 in ERp72. However,
the third essential ERp57 residue (K274) is present as serine or
threonine in ERp72 and contributes to the charge difference
between the two proteins.
On the opposite face, interdomain contacts give rise to two
additional regions of sequence conservation. The b-b0 interfaceFigure 1. X-Ray Crystal Structure of the bb0
Fragment of Rat ERp72
(A) Crystal packing of the two molecules in the
asymmetric unit cell.
(B) Secondary structure of the b and b0 domains., 651–659, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 653
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Crystal Structure of the bb0 Fragment of ERp72in the groove between the two domains has a number of fully
conserved residues (labeled 2 in Figure 3C), as does the region
in the b domain adjacent to the a domain. The conservation of
the interfaces between these domains is consistent with the
absence of interdomain linkers and relatively rigid interfaces.
Small-Angle X-Ray Scattering of Full-Length ERp72
We carried out SAXS analysis to determine the overall shape and
domain organization of ERp72. Small-angle scattering can be
used to calculate the radius of gyration (Rg) and the maximum
dimensions of the molecule (Dmax), but it is also sensitive to the
overall shape of a molecule and can be used to generate molec-
Figure 3. Surface Analysis
(A and B) Surfaces of the bb0 fragments of ERp72
(A) and ERp57 (B) showing the difference in elec-
trostatic potential. Both structures are in the
same orientation. The positively charged cal-
nexin-binding site on ERp57 is circled.
(C) Sequence conservation of surface residues of
the ERp72 bb0 fragment. Conserved regions are
shown in green and labeled 1, 2, or 3 according
to the text.
ular shape reconstructions and test
structural models (Koch et al., 2003; Put-
nam et al., 2007). A pioneering SAXS
study of human PDI reported an annular
structure in solution (Li et al., 2006). We
collected scattering data on full-length
ERp72 at concentrations up to 20 mg/ml
(Figure 4A).
We first used rigid body modeling with
BUNCH (Petoukhov and Svergun, 2005)
to determine the global solution structure
of ERp72. This approach takes advantage
of the knowledge of the individual struc-
tures of the three catalytic domains,
solved by NMR spectroscopy (Tochio
et al., 2006a, 2006b, 2006c), and the
crystal structure of the bb0 fragment. The
structures of the individual domains were
used to define the boundaries of the rigid
domains and the length of the interdomain
linkers. To avoid potential problems of
bias, different starting models were used
to generate an ensemble of 380 models.
The ensemble showed the presence of
one favored arrangement of the domains
that accounted for over two-thirds of the
models (Figure 4B). In this set, the a, a, and a0 domains are
aligned on the same side of the bb0 domains to form a large C-
like structure. The remaining models displayed a range of
different domain arrangements, including one with the a0 domain
on the opposite face. All of the structures showed a good fit
between the predicted and observed scattering, especially at
angles below 0.15 A˚1 (Figure 4A). Combining several models al-
lowed us to improve the fit of the scattering data, suggesting the
existence of multiple conformations of ERp72 in solution (data not
shown).
In a second approach, ab initio calculations using DAMMIN
were used to model the SAXS data. DAMMIN uses a simulatedFigure 2. Comparison of ERp72 and Other bb0 Structures
(A) Structural superposition of the bb0 fragments of ERp72 (purple) and ERp57 (yellow). The orientations of the b and b0 domains are very similar.
(B) Superposition of ERp72 (purple) and yeast Pdi1p (green) bb0 domains, showing dissimilar orientations.
(C) Sequence alignment of the crystallized fragment of rat ERp72, and corresponding sequences of human ERp57, and S. cerevisiae Pdi1p, numbered according
to the unprocessed protein product. The small vertical arrow indicates a substitution, E470G, relative to UniProt P38659. Secondary structure elements are
shown above each sequence. Yeast Pdi1p lacks helix a3 but conversely has an extra helix not found in the b0 domain of either ERp72 or ERp57. The lysine
and arginine residues in ERp57 essential for binding the calnexin P-domain are indicated by asterisks (Kozlov et al., 2006). Residues in the hydrophobic substrate
binding site of Pdi1p are marked by vertical bars (Tian et al., 2006).Structure 17, 651–659, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 655
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Crystal Structure of the bb0 Fragment of ERp72Figure 4. Model of Full-Length ERp72
(A) Small-angle X-ray scattering data of full-length ERp72 (black) and the calculated curve from the best rigid body model (dashed red line). The fit of the two
curves has a c of 2.5 for s% 0.17 A˚1 (Petoukhov and Svergun, 2005) and is excellent except around 0.2 A˚1. The origin of this deviation is not known but it
was observed in all of the BUNCH models. The distance distribution function (insert) shows a double maximum, suggestive of an extended dumbbell shape.
The Rg calculated from GNOM was 38 A˚ and 40 A˚ from Guinier analysis.
(B) Rigid body modeling with the NMR structures of the a, a, and a0 domains of ERp72 (yellow, blue, red) and the X-ray structure of the bb0 fragment (green). In the
BUNCH ensemble of the 20 best-fit models shown (left), 14 had a similar orientation of the a, a, and a0 domains relative to the fixed bb0 fragment. A surface
representation of the most typical arrangement of the domains is shown (right).
(C) DAMMIN simulated annealing dummy atom model of ERp72 (gray) overlaid with the rigid body model (color).
(D)Fittingof theX-raystructure of yeast Pdi1p (purple) into theSAXS modelof ERp72 shows theorientationofcatalytic andputativeprotein interaction sites in ERp72.
The catalytic cysteine CXXC motifs (yellow) in the a and a0 domains of Pdi1p, the hydrophobic substrate binding site of Pdi1p (red), and calnexin-binding residues
of ERp57 (blue) are shown as space-filling atoms. The a domain of ERp72 contains a CXXC motif (not shown) and a negatively charged N-terminal extension.annealing procedure to match the scattering computed from
a model consisting of one scatterer per amino acid to the
experimental data (Svergun, 1999). The DAMMIN models were
aligned, averaged, and filtered based on occupancy by using
DAMAVER (Volkov and Svergun, 2003) to obtain a ‘‘most prob-
able’’ model, which also showed five globular domains arranged
in the form of a crescent (Figure 4C). In this dummy atom model,
the handedness and domain assignments are undetermined.
Superposition of the BUNCH and DAMMIN models reveals the
excellent convergence of the two approaches. Furthermore,
superposition of the BUNCH and DAMMIN models allowed the
chirality of the DAMMIN model to be determined along with the
domain assignments (Figure 4C; Movie S1). The mirror image
DAMMIN model or a model generated by a 180 rotation did
not match well with the rigid-body BUNCH model. The shape
of the a, b, b0, and a0 domains is very similar to the U-shaped
structure of yeast Pdi1p and ERp57, both in solution (Kozlov
et al., 2006) and complexed with tapasin (Dong et al., 2009). In
ERp72, the additional N-terminal a domain is located above656 Structure 17, 651–659, May 13, 2009 ª2009 Elsevier Ltd All righthe a domain, which places all three catalytic domains in prox-
imity on the same side of the protein.
ERp72 Does Not Bind to the Calnexin P-Domain
We followed up on earlier suggestions, based on the sequence
similarity between the b0 domains of ERp72 and ERp57, that
ERp72 might interact with calnexin and calreticulin (Ellgaard
and Ruddock, 2005). Studies using NMR spectroscopy and
mutagenesis have shown that the P-domains of calnexin and
calreticulin bind to the b0 domain of ERp57 (Frickel et al., 2002;
Kozlov et al., 2006; Leach et al., 2002; Pollock et al., 2004). We
titrated the 15N-labeled fragment of dog calnexin P-domain (resi-
dues 310–381) with both the bb0 fragment and full-length ERp72.
This fragment was previously used in NMR experiments to map
the ERp57-binding site on the P-domain of calnexin (Pollock
et al., 2004; Kozlov et al., 2006). Neither the bb0 fragment nor
full-length ERp72 caused any chemical shift changes in the
HSQC spectrum of the P-domain (Figure S2). Similar results
were obtained by isothermal titration calorimetry (ITC). Thets reserved
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tute for ERp57 in the ERp57-deficient cells independent of an
association with calnexin or calreticulin (Solda et al., 2006).
DISCUSSION
ERp72 is the only PDI-family member with five thioredoxin-like
domains. Nonetheless, the overall topology of the molecule is
similar to ERp57 and Pdi1p. The three catalytic domains are orga-
nized together on one face held in place through the relatively
rigid spacer of two noncatalytic domains. The bb0 domains of
ERp72 are the portion least similar to other protein disulphide
isomerases and are likely responsible for the specificity of its
interactions with protein partners and substrates. The protein
surface is highly charged and lacks the exposed hydrophobic
patch found in PDI and Pdi1p, which suggests it is unlikely to
directly bind unfolded substrates in a manner analogous to PDI.
The ERp72 bb0 surface also lacks the basic residues found in
ERp57 that are required for binding calnexin and calreticulin. In
agreement, we were unable to detect interactions between
ERp72 and the calnexin P-domain. The observation that ERp72
can replace some of ERp57’s functions in ERp57-defficient cells
(Solda et al., 2006) suggests that ERp72 acts independent of
association with calnexin or calreticulin to assist in folding of
ERp57 substrates.
Fitting of the Pdi1p structure into the SAXS model of ERp72
allows prediction of the relative positions of the three catalytic
domains with respect to potential protein-interaction sites in
ERp72 (Figure 4D). In Pdi1p, the hydrophobic binding site on
the b0 domain positions substrate proteins close to the catalytic
CXXC motifs. However, many of the hydrophobic residues are
absent in ERp72, particularly around helix a10 (Figure 2C), and
ERp72 does not crosslink with peptides as human PDI (Kramer
et al., 2001). The bb0 domains of ERp72 are closer in sequence
and structure to ERp57, which interacts with calnexin and calre-
ticulin via the surface opposite to the catalytic domains (Kozlov
et al., 2006). This conserved outer surface of ERp72 is well posi-
tioned for interacting with partners and avoids blocking the
access of substrates to the catalytic CXXC sites (Figure 4D). Alter-
natively, ERp720s recruitment to the chaperone complex contain-
ing BiP, GRP94, and cyclophilin B could be mediated by its highly
acidic N terminus. NOX1 (NADPH oxidase 1) interacts with the
first 105 residues of ERp72 that contains the putative Ca2+
binding sequence and part of the a domain (Chen et al., 2008).
Much of the focus of structural studies of PDI family proteins
has been on the determination of the global fold and domain
positions. However, the long linkers between some thiore-
doxin-like domains (i.e., a-a linker in ERp72 and b0-a0 linker in
many of PDI-like proteins) likely allow for interdomain mobility
similar to that observed for the a-b domains of yeast Pdi1p
(Tian et al., 2008). The ensemble of rigid body models reflects
this mobility with multiple positions and orientations for the
a and a0 domains (Figure 4B). Other ERp72 domain interfaces
appear to be rigid and are characterized by short linkers and
extensive interdomain contacts. The bb0 crystal structure
suggests that the long b4-b5 loop in the b domain is likely
responsible for the rigidity of the bb0 interface observed in both
ERp72 and ERp57. Similarly, the short a-b linker and the conser-
vation across ERp72 orthologs of residues in the interdomainStructure 17surface suggests that the a-b interface is rigid as observed in
the SAXS models (Figure 4B).
Interdomain mobility is an important area for future work on
PDI-family proteins. ERp720s activity on protein substrates of
varying sizes likely requires flexibility and mobility between its
catalytic domains and the domains involved in ERp720s associ-
ation with other chaperones or substrate. As a solution tech-
nique, SAXS complements X-ray crystallography in providing
a global measurement of protein shape that reflects both
mobility and structure. The recent development of analysis
methods involving ensemble models (Bernado et al., 2007)
should help address the question of the extent and role of protein
mobility in the activity of PDI-family proteins.
EXPERIMENTAL PROCEDURES
Protein Expression, Preparation, and Purification
Residues 25 to 639 (numbered according to the gene product) of ERp72 from
Rattus norvegicus (EDL88288) were cloned into pGEX-6P-1 (Amersham-
Pharmacia) and expressed in E. coli BL21(DE3) as an N-terminal glutathione
S-transferase fusion protein. DNA sequencing showed the presence of
a E470G mutation in both full-length protein and the bb0 fragment. This is
located in a loop and unlikely to perturb the structure or interactions with the
negatively charged calnexin P-domain. Following affinity purification on
glutathione-Sepharose and cleavage with PreScission Protease (Amersham-
Pharmacia), the resulting protein contained additional N-terminal Gly-Pro-
Leu-Gly-Ser and the C-terminal Ala-Ala-Ala-Ser extensions and is referred to
as full-length ERp72. The bb0 fragment contained residues 283 to 523 of
ERp72 and was expressed and purified in an identical fashion. For production
of selenomethionine-labeled protein, the E. coli methionine auxotroph strain
DL41(DE3) was transformed and grown on LeMaster medium (Hendrickson
et al., 1990). Before use, full-length and bb0 domains of ERp72 were further
purified by HPLC size-exclusion chromatography in 50 mM Tris, 150 mM
NaCl, 1mM DTT (pH 7.5). The P-domain two-module fragment of canine cal-
nexin (residues 310-381) was prepared and used for NMR and ITC experi-
ments as described earlier (Kozlov et al., 2006; Pollock et al., 2004).
Small-Angle X-Ray Scattering
Small-angle X-ray scattering data of full-length ERp72 were collected at
beamline 12.3.1 at the Advanced Light Source (Lawrence Berkeley National
Laboratory, Berkeley, CA) as described elsewhere (Sondermann et al.,
2005). Scattering data were collected at protein concentrations of 2, 10, and
20 mg/ml and background scattering from the buffer (50 mM Tris, 150 mM
NaCl [pH 7.5]) subtracted. Data were scaled by using the program PRIMUS
(Konarev et al., 2003) and the data from the three concentrations combined.
The pair-distance distribution function [P(r)] and radius of gyration (Rg) were
calculated using the program GNOM ver. 4.5a (Svergun, 1992) with a maximum
particle diameter of 110 A˚ and default parameters. Larger maximum particle
diameters resulted in a poorer fit of the structure reconstructions. An ensemble
of dummy atom models (DAM) of full-length ERp72 was generated with the
program DAMMIN 5.1 (Svergun, 1999) using default parameters and scat-
tering data up to an angle of 0.24 (A˚-1). The ensemble of 50 models was aver-
aged and filtered to give the final DAM model using DAMAVER 3.1 (Volkov and
Svergun, 2003) again with default parameters.
Rigid body modeling of the ERp72 SAXS data was carried out using BUNCH
5.0 (Petoukhov and Svergun, 2005). The NMR structures of the ERp72 a, a,
and a0 domains (Protein Data Bank accession numbers 2DJ1, 2DJ2, and
2DJ3) and the bb0 structure reported here were used to model residues
54–171, 176–281, 283–512, and 523–634 of ERp72 with intervening and
terminal polyaspartic acid linkers. Reference scattering amplitudes were
calculated with CRYSOL 2.6 (Svergun et al., 1995). The positions and orienta-
tions of the rigid domains were randomized and connected by flexible linkers
of dummy residues to generate 38 different starting structures. Each starting
structure was refined with BUNCH starting at an annealing temperature of
500 K in 40 steps to give ten models. Two different penalty weights (default, 651–659, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 657
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Crystal Structure of the bb0 Fragment of ERp72and 10 times higher) as well as higher temperature annealing were used with
essentially identical results.
Crystallization
Initial crystallization conditions were identified by hanging drop vapor diffusion
using sparse matrix screens (QIAGEN). The best crystals were obtained by
equilibrating 2 ml protein (10 mg/ml) in buffer (50 mM Tris-HCl [pH 7.5], 0.15
M NaCl, and 1 mM DTT), mixed with 2 ml reservoir solution containing 18%
(w/v) PEG MME 2000, 25% glycerol, and 0.1 M Tris buffer (pH 8.0), suspended
over 1 ml reservoir solution. Crystals grew for 1–3 days at 20C. For data
collection, crystals were picked up in a nylon loop and flash cooled in a N2
cold stream (Oxford Cryosystems). Crystals of the bb0 fragment of ERp72
belong to P31 space group with unit cell dimensions a = b = 62.2, c = 135.0
A˚ and g = 120. The crystals contain two molecules in the asymmetric unit
(Z = 6) corresponding to Vm = 2.68 A˚
3 Da1 and a solvent content of 54%
(Matthews, 1968).
Structure Solution and Refinement
Diffraction data from a SeMet-labeled crystal of the bb0 fragment of ERp72
were collected using a three-wavelength MAD regimen on a Quantum-4
CCD detector (Area Detector Systems Corp.) at beamline X8C at the NSLS,
Brookhaven National Laboratory (Table 1). Data processing and scaling
were performed with HKL2000 (Otwinowski and Minor, 1997). The structure
was determined by MAD phasing using the program SHARP (de La Fortelle
and Bricogne, 1997). Density modification with the program ARP/wARP (Per-
rakis et al., 1997) allowed for automated model building of more than 75% of
the residues.
The partial model obtained from ARP/wARP was extended manually with
the help of the programs Coot (Emsley and Cowtan, 2004) and Xfit (McRee,
1999) and was improved by several cycles of refinement, using the program
REFMAC (Murshudov et al., 1999) and model refitting followed by the transla-
tion-libration-screw refinement (Winn et al., 2003). The peak wavelength data
set was used for structure refinement. The N and C termini of both molecules
were disordered, though the disordered N terminus consists only of residues
from the pGEX-6P-1 linker. Out of 245 residues of ERp72, the final model
does not include the C-terminal fragment K513-G523 for chain A and V511-
G523 for chain B. In addition, 388 water molecules were included in the model.
The final model has an Rwork factor of 0.188 and Rfree of 0.236 for all data to
1.92 A˚ resolution (Table 1) and has good stereochemistry with no outliers in
the Ramachandran plot computed using PROCHECK (Laskowski et al., 1993).
ACCESSION NUMBERS
The atomic coordinates have been deposited in the Protein Data Bank under
code 3ec3.
SUPPLEMENTAL DATA
The Supplemental Data include two figures, Supplemental Experimental
Procedures, and one movie and can be found with this article online at
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